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ABSTRACT 

Gene silencing is an essential tool in gene discovery and gene therapy. Traditionally, viral delivery of 
antisense RNA and, more recently, small interfering RNA (siRNA) molecules in the form of small 
hairpin RNAs (shRNA) has been used as a strategy to achieve gene silencing. Nevertheless, the en- 
during challenge is to identify molecules that specifically and optimally silence a given target gene. In 
this study, we tested a set of adenovirus-delivered antisense RNA fragments and adenovirus-deliv- 
ered shRNA molecules for their ability to target human transforming growth factor-/} type II recep- 
tor (TGF/3RII). We used a dicistronic reporter, consisting of the coding sequences for TGF/3RII and 
green fluorescent protein (GFP) to screen for optimal silencing agents targeting TGF/3RII. Our re- 
sults show, for both antisense RNA and shRNA molecules, that their effectiveness in the GFP screen 
correlated directly with their ability to reduce exogenously expressed TGF/3RII. Unexpectedly, the 
antisense RNAs were unable to silence endogenous TGF/3RII. In contrast, the shRNAs were able to 
silence endogenous TGF/3RII. The shRNA that demonstrated the most pronounced effect on the di- 
cistronic TGF/3RII/GFP reporter reduced endogenous TGF/3RII protein expression by 70% in A549 
cells and reduced TGF/3 signaling by >80% in HeLa cells. 



INTRODUCTION 

SPECIFIC downregulation of gene expression is an in- 
valuable tool for studying gene function, gene discov- 
ery, and targeting disease-related genes using gene ther- 
apy. Vector-based expression of long-chain antisense 
RNAs has been one of the most commonly applied gene- 
silencing techniques over the past decade (reviewed in 
Weiss et al., 1999). Numerous studies on the determi- 
nants of antisense functionality have been carried out (re- 
viewed in Sczakiel, 1997), and computational algorithms 
predicting RNA structure and annealing have been devel- 
oped for rational design of antisense target sequences 



(Patzel and Sczakiel, 1998; Lehmann et al., 2000, Ding 
and Lawrence, 2001). Nevertheless, the fact remains that 
not all antisense RNAs designed against a particular tar- 
get have an antisense effect, and selection of efficient an- 
tisense RNAs is largely a matter of trial and error. 

More recently developed techniques for specific gene 
downregulation are based on the phenomenon of RNA 
interference (RNAi) (reviewed in Paddison and Hannon, 
2002; Shi, 2003). Transfection of short 2 1-23 -nucleotide 
(NT) double-stranded RNA (dsRNA) duplexes, known 
as small interfering RNAs (siRNAs), can induce specific 
and potent gene silencing in mammalian cells (Elbashir 
et al., 2001). Moreover, siRNAs can be transcribed using 
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Pol III promoters as stem-loop structures (short hairpin 
RNAs [shRNAs]) that can effectively initiate RNAi (re- 
viewed in Paddison and Hannon, 2002; Shi, 2003), and 
shRNA expression cassettes have been adapted to retro- 
viral, lentiviral, and adenoviral vectors (Abbas-Terki et 
al., 2002; Brummelkamp et al., 2002; Shen et al., 2003). 
As with antisense RNA technology, not all siRNAs are 
equally efficient in initiating gene silencing (Elbashir et 
al., 2001; Holen et al., 2002; Lee et al., 2002; Miyagishi 
et al., 2003; Yu et al., 2002). Currently, there are no reli- 
able ways to predict siRNA efficacy, and testing several 
siRNAs against a given target is necessary to identify the 
ones with the strongest inhibitory effect (Shi, 2003). 

A major consideration in optimizing the utility of anti- 
sense RNA and siRNA is to accurately assess their si- 
lencing effects on an endogenous target gene, in particu- 
lar when the gene is expressed in poorly transferable cell 
lines or when the gene product is not known or is difficult 
to detect. The use of reporter transgene targets may, 
therefore, facilitate the selection of efficient silencing 
molecules. There are only limited reports about the feasi- 
bility of this approach, and little is known about its relia- 
bility. The efficacy of antisense oligodeoxynucleotides 
(t'Hoen et al., 2002) and antisense RNA (Ohkawa and 
Taira, 2000) has been tested on reporter constructs con- 
sisting of the coding sequence of the gene of interest 
fused to the coding sequence of green fluorescent protein 
(GFP). However, the efficacy on the corresponding en- 
dogenous targets was not assessed in these studies. Simi- 
larly, transfected siRNAs have been reported to down- 
regulate the expression of both target/reporter gene 
fusion transgenes and endogenous genes (Holen et al., 
2002; Kumar et al., 2003; Nagy et al., 2003). To date, 
however, viral delivery and screening with such a re- 
porter has not been addressed. 

The transforming growth factor-/3 (TGF-/3) family of 
cytokines regulates a wide variety of biologic processes, 
such as proliferation, differentiation, and cell death 
(Lawrence, 1996; Massague et al., 2000). TGF-/3 plays a 
fundamental role in multiple diseases, including cancer 
and fibrosis (Blobe et al., 2000; Massague et al., 2000). 
In the present study, we chose the TGF-/3 type II receptor 
(TGF/3RII) as a model target to test adenoviral delivery 
of both antisense RNAs and shRNAs directed against 
this receptor. We evaluated whether the efficacy against 
endogenous TGF/3RII could be reliably predicted from a 
GFP fluorescence screen based on their relative silenc- 
ing effects on a transiently expressed dicistronic TGF- 
/3RII/GFP reporter. Our results show for both antisense 
RNA and shRNA molecules that their effectiveness in 
the GFP reporter screen correlated directly with their 
ability to downregulate exogenous TGF/3RII transgene 
expression. Antisense RNA, however, was ineffective in 
silencing endogenous TGF/3RII. In contrast, all four 
shRNA constructs were able to downregulate endoge- 



nous TGF/3RII. The shRNA that demonstrated the most 
pronounced effect on the TGF/3RII/GFP reporter consis- 
tently had the most pronounced effect on endogenous 
TGFjSRII in the cell lines tested. These findings have sig- 
nificant implications for the optimization and utility of 
antisense RNA and shRNA in gene discovery and ther- 
apy, as will be discussed. 

MATERIALS AND METHODS 

Cell culture and transient transfection 

Human cell lines 293, A549, and HeLa (ATCC, 
Rockville, MD) were maintained in Dulbecco's minimal 
essential medium (DMEM) supplemented with 5% fetal 
bovine serum (FBS) (HyClone, Logan, UT). Transient 
transfection of A549 cells and 293 cells was performed 
using Lipofectamine 2000 (Invitrogen Life Technolo- 
gies, Carlsbad, CA), according to the manufacturer's 
specifications. The cells were seeded in 24-well plates at 
1.5 X 10 s cells/well and transfected 24 hours later using 
2 /aL Lipofectamine 2000 and 1 .2 jig plasmid DNA. Af- 
ter overnight incubation, the transfection mixture was re- 
placed by growth medium, and the cells were allowed to 
recover for 24 hours prior to analysis of gene expression. 
pcDNA-secreted alkaline phosphatase (SEAP) was in- 
cluded in some transfections, so that SEAP activity could 
be used to normalize for transfection efficiency. SEAP 
activity was measured as described in Durocher et al. 
(2000). 

Generation of senseTGFpRII/GFP reporter 
adenovirus (AdCMV5-senseTGFpRII-DC-GFP) 

The human TGF/3RII cDNA sequence, including 5'- 
UTR and full-length 3'-UTR, was cloned in the sense di- 
rection into the adeno transfer vector pAdCMV5-DC-GFP 
harboring a dicistronic cassette (Massie et al., 1998; 
Mosser et al.. 1997). The cDNA sequence consists of nu- 
cleotide positions from 1237 to 5756 (TGF/3RII cDNA 
HTR2-3, accession No. D50683), except the 5'-UTR from 
position 1237 to the AUG codon (position 1573) corre- 
sponds to the 5'-UTR sequence of the TGF/3RII cDNA 
H2-3FF (positions 1-335, acession No. M85079). This 5'- 
UTR was detected ubiquitously in both normal and cancer- 
ous cell lines (Ogasa et al., 1996). The designated positions 
of 1237-5756, from the HTR2-3 cDNA sequence, were re- 
tained for clarity (Fig- 1). The resulting cassette places the 
TGF/3RII sequence downstream from the AdCMV5 pro- 
moter, followed by an internal ribosomal entry site (IRES) 
and the GFP cistron. The resulting construct was lin- 
earized, purified, and cotransfected with Ad5/AE1AE3 vi- 
ral DNA into 293 cells to generate recombinant adenovirus 
AdCMV5-senseTGF/3RII-DC-GFP, according to the pro- 
tocol described by Massie et al. (1998). 
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FIG. 1. TGF/3RII restriction fragments used to construct the sense discistronic reporter and the antisense adenoviral clones, and 
the positions of the small hairpins used for shRNA. The top fragment shows the size and orientation of the sense fragment (nucle- 
otides from positions 1237 to 5756 of the reported human TGF/6RII cDNA sequence, accession No. D50683). The location (open 
bar) and position of the TGF/3RII coding sequence also are indicated. Antisense fragment A is the same sequence as above but in 
the reverse orientation. The restriction sites used to generate subfragments B, C, D, and E are shown at the bottom, along with their 
respective positions (in parentheses). The approximate locations of the small hairpins, numbered 1, 2, 3, and 4, are indicated by the 
arrowheads. The exact positions and sequences of the hairpins are detailed in Materials and Methods. 



Generation of adenoviral antisense 
TGF/3RII fragment clones 

Full-length TGF/3RII cDNA, as described (labeled 
Fragment A in Fig. 1), and four subfragments (B, C, D, 
and E) generated by restriction enzyme digestion (Fig. 1) 
were cloned in the antisense orientation downstream of 
the CMV5 promoter in pAdCMV5-DC-GFP. Plasmid 
DNA was linearized, purified, and cotransfected with 
Ad5/AE1AE3 viral DNA in 293 cells to generate adeno- 
viral recombinants. GFP-positive viral plaques were col- 
lected and amplified separately as small viral stocks in 
293 cells. 

The identity of the cloned TFG/3RII antisense frag- 
ment in the selected viral clones was determined by PCR 
amplification using forward primer Fl: 5'-TCTCTC- 
C AC AGGTGTCC AC-3 ' complementary to the CMV5 
promoter site, and reverse primer Rl: 5'-ACACCGGC- 
CTTATTCCAAG-3 ' complementary to the IRES situ- 
ated downstream from the antisense insert. PCR amplifi- 
cation was carried out with the Expand High Fidelity 
PCR System (Roche Molecular Biochemicals, Indi- 
anapolis, IN) according to the manufacturer's protocol. 

GFP reporter screening assay for 
adenoviral antisense clones 

HeLa cells were plated in 96-well plates at 1 X 10 5 
cells/well in 100 /xL complete DMEM and coinfected 
with AdCMV5-senseTGF/3RII-DC-GFP (multiplicity of 
infections [moi] of 100 plaque-forming units [PFU]/cell) 



and 10 ixh of the amplified viral antisense clones (moi of 
approximately 100 PFU/cell) in a final total volume of 
200 fjL, DMEM. GFP fluorescence was measured 96 
hours postinfection using a Fluorlmager and analyzed us- 
ing ImageQuant software (Molecular Dynamics, Sunny- 
vale, CA). Recombinant adenovirus AdCMV5-BFP ex- 
pressing blue fluorescent protein (BFP) was used as a 
control in some of the screening experiments (Massie et 
al., 1998). 

Cloning of shRNA 

The shRNA sequences were selected according to 
Tuschl et al. (2002) and were at the following nucleotide 
positions in the 3'-UTR of the TGF/3RII cDNA: position 
3308 for hpl, position 3347 for hp2, position 4807 for 
hp3, and position 5432 for hp4. shRNAs, consisting of 
19-bp strands separated by a 9-bp loop, were generated 
by a single round of PCR amplification according to the 
protocol of Castanotto et al. (2002). Plasmid pTZU6 
(Castanotto et al., 2002), containing the human U6 pro- 
moter, was used as a template. The forward primer (U6F) 
used in all reactions annealed to the 5 '-end of the U6 pro- 
moter (shown in bold italics): 5'-CGCCGGATCG4AG- 
GTCGGGCAGGAAGAG-3 ' . 

All reverse primers had an invariable 3 '-end comple- 
mentary to the 3 '-end of the U6 promoter (shown in 
bold), followed by the hairpin sequence (underlined) in- 
cluding a 9-bp loop, six A bases, and a 12-bp spacer se- 
quence containing an Sail restriction site: 
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shlR: 5 ' - ACCTTCGTCGAC A A A A A A GAGGCTGCC- 
CCTCTCACCA TCTCTTGAA TGGTGAGAGGGG- 
CAGCCTC GGTGTTTCGTCCTT-3 ' : sh2R: 5'-ACC- 
TTCGTCGACAAAAAA GCTGCCCCTGAACTGA 
TGC TCTCTTGAA GC ATC AGTTC AGGGG- 
CAGCGGTGTTTCGTCCTT-3 ' ; sh3R: 5 -ACCTTC- 
GTCGACAAAAAA GGGTCTCAGTTAGCCCAAG 
TCTCTTGAA CTTGGGCTAACTGAGACCC GGr- 
GTTTCGTCCTT-3 ' ; sh4R: 5'-ACCTTCGTCGAC- 
AAAAAA GATTCAAGAGTATTCTCAC TCTC- 
TTGAA GTGAGAATACTCTTGAATC GGrGTTTC 
GTCCTT-3', GFPshR: 5'-ACCTTCGTCGACAAA- 
AAA gacacgTGCTGAAGTCAAG TCTCTTGAA- 
CTTGACTTCAGCACGTGTC GGrGrrrCGrC- 
CTT-3'. 

All reactions were carried out within 20 cycles using 
the Expand High Fidelity PCR System according to the 
manufacturer's protocol. The PCR products were cloned 
using pGEM-T Easy Vector System I (Promega, Madi- 
son, WI). TOP10 One Shot chemically competent cells 
(Invitrogen Life Technologies) were used to generate the 
shRNA plasmids. Positive clones were identified by 
BamHI/Sall digestion and confirmed by automated se- 
quencing analysis. 

Construction of TGF/3RII hairpin 
adenoviral recombinants 

The U6 promoter-hairpin sequences hpl, hp2, hp3, 
hp4, and hpGFP were excised from the plasmid vector 
with EcoRI, blunt ended using T4 DNA polymerase, and 
recloned into the Xbal site of adeno transfer vector 
pAdPS-CMV5-red fluorescent protein (RFP) (Gagnon et 
al., unpublished observations). This vector also expresses 
RFP, driven by the CMV5 promoter, and adenoviral pro- 
tease, driven by the adenoviral major late promoter, to fa- 
cilitate rapid selection of viral recombinants (Elahi et al. 
2002). The vector was linearized and recombined with 
Ad5Aprotease (as detailed in Ogorelkova et al., 2003) to 
generate viral recombinants expressing the individual 
hairpin sequences. 

Flow cytometry analysis of GFP and 
RFP expression 

GFP and RFP emissions were analyzed with an 
EPICS XL-MCL flow cytofluorometer (Coulter, Mi- 
ami, FL) equipped with a 15-mW argon ion laser and 
the following filters: 488-nm laser blocking, 488-nm 
long-pass dichroic, 550-nm long-pass dichroic, and 
525-nm band-pass. The data collection was done using 
Multiparameter Data Aquisition and Display System 
(MDADS, Coulter). GFP expression was quantified by 
fluorescence index (percent of GFP-positive cells X 
mean fluorescence). 



RNA extraction and quantitative RT-PCR analysis 

Total cellular RNA was prepared using TRIzol reagent 
(Invitrogen Life Technologies). Prior to first-strand 
cDNA synthesis, DNA contamination was eliminated by 
DNase I treatment. RNA (2 jig) was incubated with 1 U 
DNase I, amplification grade according to manufac- 
turer's instructions and then used for first-strand cDNA 
synthesis with 4 pmol of each /3-actin-specific primer 
(5 ' -GTACTTGCGCTC AGG AGG AG- 3 ' ) and TGF- 
jSRII-specific primer (5 ' -C AGA AGCTGGG A ATTTCT- 
GG-3'). Reverse transcription was carried out with 
reverse transcriptase AMV (Roche Molecular Biochemi- 
cals) according to the manufacturer's protocol. Quantita- 
tive real-time PCR was performed on a LightCycler in- 
strument (Roche) using LightCycler FastStart DNA 
Master SYBR Green I (Roche). Quantities fiL and 5 fiL 
of 1:10 diluted RT reaction were used for actin and 
TGF/3RII cDNA amplification, respectively. The reac- 
tions were carried out in 10 fiL with 5 pmol of each for- 
ward and reverse primer, 3 mM MgCl 2 , and 1 fiL Fast- 
Start Reaction/FastStart Enzyme Mix. The PCR primer 
sequences were as follows: actin-F: 5'-TCCCTGGA- 
GA AGAGCTACGA-3 ' ; actin-R: 5 ' - AGC ACTGTGTT- 
GGCGTAC AG-3 ' ; TGF/3RII-F: 5'-TAACCTGCTGC- 
CTGTGTGAC-3 ' ; TGF/3RII-R: 5 ' -C A AC ACGTTGT- 
CCTTCATGC-3'. Negative controls for RT and PCR 
were included in each experiment. Crossing points (CP) 
for each transcript were determined using the Fit Point 
Method (LightCycler software 3.3, Roche). The relative 
quantification of TGF/3RII gene expression for each 
sample vs. control in comparison to /3-actin as a refer- 
ence gene was performed using the equation: 

R = 2 ACP TGF/3Rn< control - sam P le )/2 ACP actin( control - sam P le ) 

where R is the relative expression ratio of TGF/3RII 
gene, ACP is the crossing points deviation of control mi- 
nus sample, and 2 corresponds to an approximate PCR 
efficiency (Pfaffl, 2001; Rasmussen, 2001). 

Western blot detection 

Reducing SDS-PAGE was performed on commercial 
12% tris-glycine Gels (Novex, Invitrogen Life Tech- 
nologies). SDS-PAGE and immunoblotting were car- 
ried out according to the manufacurer's protocol. Poly- 
clonal antibodies sc220, sc398, and sc03, specific for 
TGF/3RII, TGF/3RI, and epidermal growth factor re- 
ceptor (EGFR), respectively, were purchased from 
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 
Polyclonal antibody against phospho-Ser51-eukaryotic 
initiation factor 2a (eIF2a) was purchased from Cell 
Signaling Technology, Inc. (Beverly, MA). Monoclo- 
nal antiactin antibody was purchased from ICN Bio- 
medicals (Aurora, OH). 
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Cross-linking of 125 I-TGF-/31 to TGF-/3 receptors 

A549 cells were seeded onto 6-well plates (1 X 10 5 
cells/well). After infection with either antisense or 
shRNA viruses, the cells were treated with 200 pM 125 I- 
TGF-/31 (Perkin-Elmer Life Sciences, Woodbridge, ON) 
at 4°C for 2.5 hours, followed by the addition of cross- 
linking agent BS 3 (Pierce Chemical Co., Rockford, IL) to 
specifically label the TGF-/3 receptors on the cell sur- 
face (as described by Mitchell and O'Connor-McCourt, 
1991). Cell lysates were prepared, and the receptors were 
separated by SDS-PAGE and then detected by a phos- 
phorimager and quantified using ImageQuant software 
(Molecular Dynamics). 

HeLa C AG A-lucif erase reporter cell assay 

HeLa cells were stably transfected with a luciferase re- 
porter driven by Smad3/4 binding elements (CAGA) 
(Dennler et al., 1998). For reporter gene assays, the cells 
were plated at 5 X 10 4 cells/well in a 24-well plate and 
infected the next day with hairpin adenovirus at an moi of 
100-200. Four days after infection, the cells were left un- 
treated or treated with 100 pM TGF-/31 (R&D Systems, 
Minneapolis, MN) overnight at 37°C. The cells were har- 
vested into 100 fiL reporter lysis buffer, and the lucifer- 
ase activity was measured as recommended by the manu- 
facturer (Dual-Luciferase Reporter Assay System, 
Promega) using an MLX microtiter plate luminometer 
(Dynex Technologies Inc., Chantilly, VA). All luciferase 
assays were performed in triplicate and normalized to 
protein content in the lysates. 



RESULTS 

Screening of adenoviral antisenseTGFfiRII clones 
using TGFfiRII/GFP reporter 

Five defined TGF/3RII restriction fragments, A, B, C, 
D, and E, were cloned separately in the viral vector pAd- 
CMV5-DC-GFP (Massie et al., 1998) in the antisense 
orientation (Fig. 1). The antisense effect of the antisense 
adenoviral clones was tested on a virally delivered, di- 
cistronic sense TGF/3RII/GFP reporter in a screening as- 
say performed in microtiter plates (Fig- 2A). In the assay, 
HeLa cells were coinfected with the sense TGF/3RIF 
GFP-expressing and antisense TGF/3RII/GFP-expressing 
viruses, followed by measurement of GFP fluorescence 
96 hours postinfection. Coinfection of sense TGF- 
/8RII/GFP virus with the antisense clones reduced the 
GFP fluorescence from approximately 2-fold (clones A, 
B, and D) to 13-fold (clone C) compared with control 
cells coinfected with adenovirus expressing BFP. In con- 
trast, clone E scored negative in the assay. The observed 
increase in the GFP fluorescence for clone E above the 
level for the BFP control was likely due to the cumulative 
expression of GFP from both sense and antisense adeno- 
viruses, as clone E, when expressed alone, displayed a 
higher GFP fluorescence than the sense construct (data 
not shown). We confirmed the antisense efficacies by 
Western blotting of lysates prepared from A549 cells 
coinfected with sense TGF/3RII/GFP virus and the anti- 
sense clones, using an antibody probe specific for 
TGF/3RII (Fig. 2B). The relative decrease in TGF/3RII 
transgene expression caused by each viral clone corre- 



FIG. 2. Analysis of the effect of antisense virus clones on the TGF/8RII/GFP reporter and TGF/8RII expression. (A) GFP fluo- 
rescense screening of the adenoviral antisense clones. The bars show GFP fluorescence levels, measured 96 hours postinfection, 
for HeLa cells coinfected with sense TGF/3RII/GFP virus and the indicated antisense TGF/3RII/GFP virus clone. The average val- 
ues (± SE) for three independent experiments are shown. Cells coinfected by sense TGF/8RII/GFP virus and adenovirus express- 
ing BFP serve as a negative control. (B) Western blot detection of the TGF/3RII transgene protein. Western blotting was performed 
on lysates collected 48 hours postinfection of A549 cells coinfected with sense TGF/8RII/GFP virus (moi 100) and the indicated 
antisense TGF/3RII/GFP viral clones (moi 100). Mock indicates cells that were not infected. The blots were probed with antibod- 
ies specific for either TGF/3RII or phospho-Ser51-eEF2a (P*-eIF2a), as indicated at right. An antibody specific for /3-actin was 
also used to control for protein loading. (C) Specificity of the adenovirus antisense TGF/8RII clones for TGF^RII vs. TGF/3RI. 293 
cells were transfected with a plasmid expressing either TGF/3RII (top) or TGF/8RI (bottom), followed by infection with the indi- 
cated antisense TGF/3RII viral clone or antisense GFP virus. Protein lysates were prepared, and equal protein amounts were sub- 
jected to SDS-PAGE, blotted, and probed with antibodies specific for TGF/3RII or TGF/8RI. (D) Specificity of the adenovirus an- 
tisense TGF/3RII clone A for TGF/3RII vs. EGFR. A549 cells were infected with TGF/8RII sense virus, virus expressing EGFR, 
and TGF/3RII antisense A virus, as indicated. Protein lysates were prepared and equal protein amounts were subjected to SDS- 
PAGE, blotted, and probed with antibodies specific for TGF/3RII (bottom) or EGFR (top). (E) Endogenous TGF/3RII protein lev- 
els in A549 cells infected by selected antisense viral clones. The cells were infected for 48 hours (moi 200), followed by receptor 
binding and cross-linking of 125 I-TGF-/31. Cell lysates were prepared and subjected to SDS-PAGE. Radioactively labeled TGF- 
/3RII was detected and quantified using a phosphorimager. TGFjSRII band intensities were standardized relative to TGF/3RIII, 
whose levels are not affected by antisense TGF/3RII virus. (F) Endogenous TGF/SRII transcript levels in A549 cells infected with 
antisense viral clones C and E. The level of the TGF/3RII transcript was determined by real-time RT-PCR relative to control cells 
infected by virus expressing BFP. The cells were infected for 36 hours (moi 200), followed by extraction of total RNA. The quan- 
tification of TGF/3RII transcripts was performed for each sample in comparison to /3-actin as a reference gene. Average values ± 
SE from three independent experiments are shown. 
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lated directly with its effect on the GFP reporter (com- 
pare Fig. 2A and 2B), with antisense clone C causing the 
most dramatic decrease and clone E having little or no ef- 
fect. These results demonstrate the validity of using the 
TGF/3RII/GFP reporter to screen for optimal antisense 
fragments. 

Duplex RNA molecules in the cytoplasm of mammalian 
cells can trigger nonspecific suppression of gene expres- 
sion mediated in part through a dsRNA-activated protein 
kinase (PKR) pathway (reviewed in Kumar and 
Carmichael, 1998). Activated PKR, in turn, phosphory- 
lates a number of substrates, including eIF2«, leading to 
inhibition of protein synthesis. Therefore, in parallel to our 
analyses of transgene expression, we performed immun- 
odetection of phosphorylated eIF2a to determine whether 
PKR activation contributed to the observed antisense ef- 
fect (Fig. 2B). We found an increased level of eIF2« phos- 
phorylation for cells coinfected with the most efficient an- 
tisense virus (clone C), whereas the less efficient antisense 
viruses (clones A, B, and D) did not detectably promote 
eIF2a phosphorylation. Despite PKR activation, the speci- 
ficity of clone C for TGF/3RII, as well as clones A, B, and 
D, is evidenced by their ability to reduce TGF/3RII trans- 
gene expression in 293 cells, whereas none of these viral 
clones reduced another receptor, TGF-/3 receptor type I 
(TGF/3RI) (Fig. 2C). In A549 cells infected with both 
TGF/3RII sense virus (A fragment) and a virus encoding 
EGFR, TGF/3RIIIantisense virus clone A reduced TGF- 
/3RII protein expression but had no effect on the EGFR 
(Fig. 2D, compare lane 5 with control lane 3). Similar re- 
sults were obtained for TGF/3RIIantisense virus clones B, 
C, and D (data not shown). Taken together, these results 
indicate that although dsRNA-induced effects are evoked 
in some cases, the antisense viruses promote a TGF/3RII- 
specific silencing effect that is not simply due to a global 
shutdown of protein synthesis. The apparently similar ef- 
fectiveness of antisense clones A, B, C, and D for silencing 
TGF/3RII in 293 cells (Fig. 2C) may be a result of higher 
expression levels of the antisense transcripts in this cell 
line, following adenoviral replication, compared with 
A549 cells (Fig. 2B). 



Evaluation of antisense RNA efficacy on 
endogenous TGFbRII 

The silencing efficiency of virally expressed antisense 
fragments on endogenous TGF/3RII protein in A549 cells 
was analyzed by cross-linking experiments using 125 I- 
TGF-/31 to radioactively label and quantify the level of 
this receptor on the cell surface (Fig- 2E). This method of 
detecting TGF/3RII was used because the level of en- 
dogenous TGF/3RII is below the sensitivity of Western 
blots. TGF/3RII expression was normalized relative to 
another TGF-/3 receptor, TGF/3RIII, which can bind 



TGF-/3 independently of TGF/3RII. As shown in Figure 
2E, none of the antisense viruses induced a detectable de- 
crease in endogenous TGF/3RII. Viral clones C and E, 
having the maximum and minimum effects, respectively, 
on the TGF/3RII transgene, were further analyzed for 
their effects on endogenous TGF/3RII at the transcript 
level using quantitative RT-PCR (Fig- 2F). The quantifi- 
cation was specific for the endogenous sense transcript, 
as the TGF/3RII sequence was amplified using sense-spe- 
cific primers that cannot hybridize with the antisense vi- 
ral transcripts. Clone C and clone E did not produce a sta- 
tistically significant decrease in the endogenous target. 
Thus, our results show that the different silencing effi- 
ciencies observed for these viral clones on the exogenous 
TGF/3RII transgene could not be duplicated with endoge- 
nous TGF/3RII at either the transcript or protein level. 

Cloning of shRNAs and GFP reporter-based 
screen for RNAi efficiency 

As an alternative to antisense RNA-mediated silenc- 
ing, we generated plasmid constructs expressing four dis- 
tinct shRNAs targeting human TGF/3RII and driven by 
the human U6 promoter. The target sites were selected to 
be in the 3'-UTR of the TGF/3RII mRNA, as this region 
is not highly conserved among other TGF-/3 receptors. 
The positions of these target sites (numbered 1-4) are 
shown in Figure 1. A control shRNA was also designed 
to specifically target GFP (hpGFP). 

RNAi efficiency was first tested by cotransfection of 
the shRNA plasmids individually with the sense TGF- 
/3RII/GFP reporter plasmid in readily transfectable 293 
cells. All four shRNAs had at least a 3-fold inhibitory ef- 
fect on GFP expression relative to cells transfected with 
empty vector pTZU6 (Fig. 3A). The reduction in GFP 
fluorescence correlated directly with the effects of these 
shRNAs on expression of the TGF/3RII transgene, as de- 
termined by Western blotting (Fig. 3B). Notably, hp4 had 
the most pronounced effect in both these assays, resulting 
in approximately 5% residual GFP fluorescence and al- 
most complete elimination of protein expression. In these 
assays, the hairpin directed against GFP (hpGFP) also 
caused a reduction in TGF/3RII expression, as expected, 
because of its RNAi targeting effect on the dicistronic 
transcript, which has both TGF/3RII and GFP open read- 
ing frames (ORFs). 

The capacity of the shRNA plasmids to downregulate 
expression of the endogenous TGF/3RII transcript was 
tested by transient transfection of the TGF/3RII shRNA 
constructs in 293 cells, followed by quantitative RT-PCR 
(Fig. 3C). All four shRNAs reduced TGF/3RII expres- 
sion, whereas hpGFP, in this case, had no effect, con- 
firming the specificity of the TGF/3RII shRNAs for tar- 
geting the endogenous transcript. Consistent with its 
maximal effect against the exogenous TGF/3RII trans- 
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gene (Fig. 3A,B), hp4 was also most efficient in silencing 
endogenous TGF/3RII (Fig. 3C). 

Analysis of efficiency of adenovirus-delivered 
hairpin RNAs on silencing endogenous TGFpRII 

In order to more effectively express these haiipins in 
epithelial cells, such as A549 cells, which tend to be 
poorly transfected, the U6 promoter- shRN A cassettes, 
encoding three selected TGF/3RII hairpins, hpl, hp3, and 
hp4, and the control hpGFP, were recloned separately 
into adeno transfer vector pAdPS-CMV5-RFP. In addi- 
tion to the protease expression cassette used for selection 
of adenoviral recombinants, this vector also contains a 
cassette expressing RFP that is driven by a CMV5 pro- 
moter, to facilitate monitoring of gene transfer (D. 
Gagnon et al., unpublished observations; Ogorelkova et 
al., 2003). The levels of RFP correlated directly with the 
respective mois (as estimated by plaque formation on 
293 cells) for all the hairpin recombinants (data not 
shown). The silencing efficiency of the TGF/3RII hp 
viruses was first tested on the exogenous TGF/3RII deliv- 
ered by adenoviral infection in A549 cells. The results 
shown in Figure 3D confirmed that all TGF/3RII hp 
viruses downregulated the expression of exogenous 
TGF/3RII (lanes 6, 8, and 10), albeit less efficiently than 
the antisense TGF/3RII clone C (lane 3). The activation 
of the PKR-mediated pathway was also examined by as- 
sessing the phosphorylation level of eIF2a. Whereas hp3 
and hp4 did not evoke any increase in eIF2a phosphory- 
lation, hpl reproducibly increased eIF2a phosphoryla- 
tion (Fig. 3D, middle, lane 6). However, this increase 
was relatively modest compared with antisense TGF/3RII 
clone C. 

The silencing efficiency of the TGF/3RII hp viruses 
was then tested on endogenous TGF/3RII in A549 cells. 
The level of endogenous TGF/3RII was assessed directly, 
following viral infection, by receptor cross-linking ex- 
periments using 125 I-TGF-/31 (Fig. 3E). All three TGF- 
/3RII hp viruses significantly reduced expression of 
TGF/3RII, compared with cells infected by RFP or 
hpGFP viruses. These hairpin effects were specific for 
TGF/3RII, as no reduction was seen for TGF/3RIII. The 
intensity of the RII band in each lane was quantified, and 
the average level was determined for two separate exper- 
iments and shown as a percentage relative to control 
RFP-virus-infected cells (Fig. 3F). This analysis indi- 
cates that all three hairpins reduce RII levels by >50%, 
compared with the RFP-virus control. The slight reduc- 
tion in RII observed for hpGFP, relative to RFP-virus-in- 
fected cells, indicates that nonspecific effects of virus-de- 
livered hairpins may occur in A549 cells. 

The hairpin viruses were also tested on HeLa cells sta- 
bly expressing a luciferase reporter gene driven by the 
TGF-/3-responsive CAGA-promoter (Fig. 3G). An effec- 



tive hairpin should silence TGF/3RII in these cells and, 
hence, abrogate TGF-/3 signaling and luciferase expres- 
sion. The results in Figure 3G show that all three hairpin 
viruses markedly reduced luciferase levels compared 
with the mock and RFP virus -infected control cells. It is 
noteworthy that the virus expressing hpGFP did not re- 
duce luciferase levels, confirming that the TGF/3RII hp 
viruses specifically target TGF/3RII. Taken together, our 
data indicate that in contrast to the virus-delivered anti- 
sense RNA, all three TGF/3RII hp viruses can target en- 
dogenous TGF/3RII, albeit with slightly different silenc- 
ing efficiencies. 

DISCUSSION 

In the present study, our goal was to assess the efficacy 
of antisense RNAs and shRNAs to downregulate expres- 
sion of TGF/3RII. To facilitate the selection of highly ef- 
ficient silencing molecules, we first tested the efficacy of 
adenoviral antisense RNAs and shRNAs on a transiently 
expressed dicistronic TGF/3RII/GFP reporter using GFP- 
based assays. Our results showed that four of the five 
tested antisense fragments downregulated the TGF/3RII 
transgene with the same magnitude as the coexpressed 
GFP reporter, validating the reporter assay for selection 
of optimal antisense RNA fragments. We were surprised, 
however, that none of these antisense RNAs significantly 
affected endogenous TGF/3RII expression. This discrep- 
ancy may be explained by differential compartmentaliza- 
tion between the virus -delivered TGF/3RII and endoge- 
nous TGF/3RII sense transcripts. Antisense efficiency is 
influenced not only by mRNA structural constraints but 
also by appropriate localization of sense and antisense 
strands in the same cellular compartment (Sczakiel and 
Far, 2002; Lehmann et al., 2000; Kumar and Carmichael, 
1997). Adenovirus-delivered sense and antisense RNAs 
are likely to be colocalized during their transcription 
from the viral genomes in the nucleus, thus promoting 
hybridization. In addition, based on the available 
TGFjSRII cDNAs, there is evidence for variable splic- 
ing in the 5'-UTRs (Ogasa et al., 1996). The sense TGF- 
/3RII/GFP reporter transcript used in our assay may lack 
5'-UTR sequences (i.e., upstream of nucleotide position 
1237) (Fig. 1) that potentially contain localization motifs 
that direct the native transcript to a cellular location dis- 
tinct from that of the antisense RNA. 

Viral delivery of antisense RNA has, nevertheless, 
proven to be a viable strategy for multiple endogenous tar- 
gets, including the gene for TGF-/31 ligand and hsp70 
(Arias et al., 2002; Gabai et al., 2000; Gondi et al., 2003; 
Haberman et al., 2002; Li et al., 2003; Nakano et al., 2001 ; 
Ohnami et al., 2003; Zhang et al., 2003). It is noteworthy 
that in the case of hsp70, there was a perfect correlation 
between the magnitude of downregulation resulting from 
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FIG. 3. Effect of TGF/3RII hairpins on the TGF/3RII/GFP reporter and TGF/3RII expression. (A) Flow cytometry analysis of 
GFP expression in 293 cells cotransfected with plasmid expressing dicistronic sense TGF/3RII/GFP and the indicated shRNA plas- 
mid. An additional cotransfected plasmid pSEAP2-control, expressing secreted alkaline phosphatase, was included in each case to 
normalize the GFP fluorescence index (% GFP-positive cells X mean fluorescence) relative to transfection efficiency. Cells co- 
transfected with empty vector pTZU6 served as a control. Average values ± SE from three independent experiments are shown. 
(B) Western blot detection of TGF/3RII transgene expression in 293 cells cotransfected with plasmid expressing sense TGF- 
/3RII/GFP and the indicated hairpin plasmid. Western blots were probed with antibody specific for TGF/3RII or /3-actin, as indi- 
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cated at right. Untransfected cells or cells cotransfected with pTZU6 served as negative and positive controls, respectively. (C) Ef- 
fect of transfected TGF/3RII hairpin constructs on the endogenous TGF/8RII transcript in 293 cells. The level of the TGF/3RII tran- 
script was determined by real-time RT-PCR relative to cells transfected with pTZU6. In each case, the cells were transfected with 
the indicated shRNA plasmids and cotransfected with plasmid pDsRed2-Nl expressing RFP to standardize for transfection effi- 
ciency (i.e., % RFP-positive cells). Total RNA was extracted 36 hours posttransfection. Average values ± SE from three indepen- 
dent experiments are shown. (D) Effect of TGF/3RII hp viruses on eIF2« phosphorylation. A549 cells were infected with the indi- 
cated TGF/3RIIhp viruses, with (+) or without ( — ) coinfected sense TGF/8RII virus. Cells infected with antisense TGF/8RII virus 
clone C (asC) or nonhairpin RFP virus (RFP) were included as controls. Cell extracts were prepared, followed by Western blotting 
using antibody probes for TGF/3RII, phosphorylated eIF2a (P*-eIF2a), and /8-actin. (E) Effect of adenovirus-delivered TGF/3RII 
hairpins on endogenous TGF/3RII protein in A549 cells. A549 cells were infected with parental virus (RFP) or adenoviruses ex- 
pressing the indicated hairpins (moi 200). Five days postinfection, the surface TGF-/3 receptors were radioactively labeled by 
cross-linking to 125 I-TGF-/3 at 4°C. Cell lysates were prepared and equal protein amounts were electrophoresed on gradient SDS- 
PAGE. TGF/3RIII (which runs as a smear due to extensive glycosylation), TGFBRII, and TGFBRI were detected by a phosphor- 
imager, and their positions are indicated at left. (F) Relative endogenous TGF/8RII levels in A549 cells infected by the hpGFP or 
TGF/3RII hairpin adenoviruses. The band intensity of TGF/3RII was quantified for two separate cross-linking experiments, which 
were performed in duplicate. The graph shows the average TGF/3RII level (± SD) expressed as a percentage relative to the 
parental RFP virus control. (G) Effect of adenovirus-delivered TGFjSRII hairpins on TGF-^-induced luciferase response in HeLa 
CAGA cells. HeLa CAGA cells, stably expressing a TGF-/3-responsive luciferase reporter, were infected with adenovirus (moi 
200) expressing the TGF/3RII hairpins (hpl, hp3, or hp4) or a hairpin for GFP (hpGFP). Cells that were mock infected or infected 
with parental virus (RFP) were included as controls. Five days postinfection, the cells were treated with (open bars) or without 
(black bars) 100 pM TGF-/31 for 18 hours, followed by preparation of cell lysates and measurement of luciferase activity. The 
graph shows the average luciferase levels (± SD), expressed as percentages relative to the RFP control, determined for four sepa- 
rate experiments performed in triplicate. 
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antisense RNA expression on both virus -delivered ex- 
ogenous hsp70 coexpressed with GFP, and endogenous 
hsp70 (Gabai et al., 2000; unpublished observations). Fur- 
thermore, in a recent study using a transgene/GFP reporter 
screen, we successfully selected, from an adenovirus li- 
brary, antisense RNAs with greater silencing activities to- 
ward the insulin growth factor (IGF)-1 receptor in a vari- 
ety of tumor cells (unpublished observations). One caveat 
that our study revealed is the potential activation of PKR 
that can lead to nonspecific reduction of protein expression 
as seen for our most efficient construct, clone C (Fig. 2B). 
This could ultimately bias assessment of the specific 
downregulation on the endogenous target. Although not as 
well documented, this can also happen with shRNAs, as 
recently reported (Bridge al., 2003; Sledz et al., 2003; Kim 
et al., 2004) and as we have shown for one of our hairpin 
constructs (Fig- 3D). Nonetheless, it is possible that activa- 
tion of PKR requires a fairly high level of sense and anti- 
sense dsRNA as obtained after transfection of the sense 
construct. Should that be the case, this may not represent a 
significant problem when only low levels of endogenous 
mRNA are expressed. 

We also took advantage of the TGF/3RII/GFP reporter 
approach as an initial assessment of shRNAs directed 
against TGF/3RII. In this case, we transiently transfected 
293 cells with four different shRNA plasmids and as- 
sessed their ability to reduce GFP fluorescence using 
flow cytometry. All four shRNAs scored positive for 
GFP reduction and were able to reduce expression of 
both transfected and endogenous TGF/3RII in 293 cells 
(Fig. 3A,B,C). The most efficient hairpin among the four 
tested with the TGF/3RII/GFP reporter, hp4, was also the 
most consistent in silencing endogenous TGFBRII in all 
the cell lines tested. Our results, therefore, demonstrate 
the relevance of using the TGF/3RII/GFP reporter to 
identify the best candidate hairpin for TGF/3RII. 

In summary, our results show that whereas both 
shRNA and antisense RNA can efficiently reduce exoge- 
nously expressed TGF/3RII, only shRNA was able to tar- 
get endogenous TGF/3RII. This stands in contrast to 
other endogenous gene products, some of which we have 
mentioned, that can be silenced using antisense technol- 
ogy. The success of shRNA vs. antisense RNA in target- 
ing endogenous TGF/3RII might be attributed to differ- 
ences in their underlying modes of action or access to the 
endogenous TGF/3RII transcript. Further work is needed 
to address the fundamental differences in the accessibil- 
ity of antisense RNAs and shRNAs to their endogenous 
targets, including an assessment of different promoters 
used to drive these silencing molecules. 
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